Syntactic foam manufacturing method, 'post-mold processing', based on the buoyancy of hollow microspheres was studied for potential building material applications. The post-mold processing involves mixing starch particles and ceramic hollow microspheres in water. It was found starch particles tend to adhere to hollow microspheres, forming agglomerations, during mixing. It was also found that 'volume fraction of starch particles on a microsphere making a relative density of 1.0' (VFSMRD) is an indicator for mixture volume transitions. Both the maximum total volume expansion of mixture and a transition in formation, after phase separation, of mixture volume in water referred to as 'top phase' in a mixing container were taken place at a calculated VFSMRD.
Introduction
Syntactic foams are particulate composites made of pre-formed hollow microspheres and binder (1) . They have been used in sandwich composites (2) (3) (4) and areas where low densities are required e.g. undersea/marine equipment for deep ocean current-metering, anti-submarine warfare (5) (6) (7) (8) (9) . The densities of syntactic foams in the past, however, have been relatively high compared to the traditional expandable foams, limiting their applications.
A wide range of different types of syntactic foams can be made by selecting different materials and consolidating techniques for binder and hollow microspheres. The consolidating techniques include coating microspheres (10) , rotational molding (11) , extrusion (12) and ones that use inorganic binder solution and firing (14) , dry resin powder for sintering (15) (16) (17) (18) , compaction (19, 20) , liquid resin as binder (21) for in situ reaction injection molding, and buoyancy principle (1, (22) (23) (24) (25) (26) . The last method (buoyancy) has recently been demonstrated to be capable of control of a wide range of binder contents at low costs, widening applicability of syntactic foams. Also it allows us to use starch as binder for manufacturing potential building materials such as interior wall boards, ceiling panels, etc. Starch has not been well known as binder even though it has been used in plasterboards (27) . It has some advantages over other binders such as epoxies, phenolics, etc, being readily available, environmentally friendly, and inexpensive renewable a polymeric binder.
In this paper, 'post-mold processing' (25, 26) which allows better dimensional control than 'premold processing' (25, 26) is studied for manufacturing syntactic foams consisting of ceramic hollow microspheres and starch. A main purpose of the present work was to investigate mixing behaviour of starch particles and ceramic hollow microspheres for understanding of starch particle quantitative formation as binder in syntactic foams.
Constituent materials for syntactic foams

Hollow Microspheres
Ceramic hollow microspheres (composed of silica 55-60%, alumina 36-40%, iron oxide 0.4-0.5% and titanium dioxide 1.4-1.6%) supplied by Envirospheres Pty Ltd, Australia were used. Four different size groups (or commercial grades), SL75, SL150, SL300 and SL500, were employed.
Scanning electron microscope (SEM) images of hollow microspheres were given elsewhere (24) .
Microsphere sizes were measured using a Malvern 2600C laser particle size analyser and were listed in Table1. They were found to be of approximately Gaussian distribution as previously shown in reference (24) . Particle densities and bulk densities of the four hollow microsphere groups were also measured using a Beckman Air Comparison Pycnometer (Model 930) and a measuring cylinder (capacity 250cc) respectively. Three hundred taps were conducted for each bulk density measurement. An average of five measurements was taken for each size group and measurements are listed in Table 2 . 
Starch as binder
Potato starch (Tung Chun Soy & Canning Company, Hong Kong) was used as binder for hollow microspheres. Particle density of the potato starch was measured using a Beckman Air
Comparison Pycnometer (Model 930) and an average of three measurements was found to be 1.50g/cc. Bulk density was also measured using a measuring cylinder with a tapping device (300 taps were conducted) and an average of five measurements was found to be 0.85g/cc. SEM images of starch particles employed was shown elsewhere (24) . Size of starch particles was measured using a Malvern 2600C laser particle size analyser and was found to be of approximately Gaussian distribution as shown in Figure 1 . A gelatinisation temperature range for starch was measured to be 64-69ºC. Mean size and standard deviation of potato starch particles measured by Malvern 2600C laser particle size analyser are listed in Table 1 .
The buoyancy method for manufacturing syntactic foams
The basic principles for manufacturing of syntactic foams containing starch as binder are based on the buoyancy of hollow microspheres in aqueous starch binder (22, 23) . The starch binder (= starch particles + water) can be diluted for the purpose of controlling binder content in syntactic foam. When microspheres are dispersed in binder in a mixing container as a result of tumbling/stirring, the mixing container is left until microspheres float to the surface, forming three phases i.e. top phase consisting of microspheres, starch particles and water, middle phase of water only, and bottom phase of microspheres, starch particles and water. The three phases are schematically shown in Figure 2 . The top phase is to be used for molding. Gelatinisation of starch in the mixture was conducted after molding, which is referred to as 'post-mold gelatinisation' as opposed to 'pre-mold gelatinisation' (24) (25) (26) . 
Manufacturing details and shrinkage measurement for syntactic foams
Syntactic foam specimens for shrinkage measurement were prepared by varying starch content.
Mixing was conducted in a container (120 mm in diameter 150 mm in height) for a microsphere amount of 115 ± 35g by manually shaking up for at least 1.5 minutes after sealing. Subsequently, the container was left for 5 minutes to allow for phase separation. The top phase was scooped into a circular open mold (73mm in inside diameter and 15mm in height) placed on an aluminium plate covered with a sheet of paper and then the mold top was covered with another sheet of paper, and thereafter with an aluminium plate to keep sufficient moisture/water in the mixture for gelatinization. The molded mixture was placed in an oven at 80°C for one hour mainly for gelatinization. It was subsequently uncovered and left for further 5 hours mainly for drying, and then was demolded for final 2 hour drying. The shrinkage measurement was conducted right after the gelatinization of the first one hour. Two specimens were used for each measured value. The volume ratio of bulk microspheres to binder was approximately 1 to 3.
Syntactic foams for measurement of starch volume fraction in foam were manufactured in a similar manner described above but a measuring cylinder used for the phase volume measurement and split molds of cylindrical cavities (16mm in diameter and 24 mm high) were employed.
Results and discussion
The bulk volume expansion rate (VER) in water versus bulk volume in air of hollow microspheres and starch particles is given as part of characterisation in To identify the interaction between microspheres and starch particles, direct observations using a microscope were made and found that starch particles tend to adhere to microspheres. When a microsphere settles down, starch particles that already adhered to the microsphere do not easily separate from the microsphere. However, starch particles settled down on top of other starch particles adhered to a microsphere readily separate from each other when the motion of the microsphere changes from translation (Figure 7(a) ) to rotation (Figure 7(b) ) as illustrated in Table 3 . The maximum number of starch particles covering one microsphere (MNSSF) was also calculated ( Table 3) . For the calculations, each mean diameter of microsphere group was used and it was assumed that starch particles are spherical for approximation. It is important to note that the values of VFSMRD correspond to the points indicated by arrows in Figure 5 and Figure 6 . Thus, the VFSMRD appears a good indicator for both the maximum TVCRAM and the transitional points. It can be explained about the VFSMRD as the transitional point indicator. The phase separation may be a stochastic process to a large extent. When a volume fraction of starch in a mixture is lower than VFSMRD, the density of an agglomeration would have more chance to be lower than 1, allowing more number of agglomerations to float to form the top phase. When a density of an agglomeration, however, is higher than 1, more number of agglomerations tends to settle down to form the bottom phase. It can be further explained about the high abruptness of the transition (Figure 6 ) for small microspheres as follows. It is a truism that a small starch-microsphere interdistance allows more chance for starch particles to rapidly adhere to microspheres than a long starch-microsphere inter-distance. Thus, as microsphere size decreases in a given space, the starch-microsphere distance increases for a given microsphere bulk volume. As a result, agglomeration rapidly occurs and its size tends to be large for small microspheres as shown in One could expect some effect of IBVMS on the transitional behaviour because starchmicrosphere distance can be affected by it since starch-microsphere inter-distance is relatively small for a large IBVMS. The inter-particle distance (d) can be readily estimated using a Simple Cubic unit cell model with an initial distance (d 0 ) (Figure 9 ). The distance is from surface to surface but in this case it can be approximated to the distance from center to center because particle size is much small compared to inter-particle distance in a large volume of liquid. When IBVMS increases from 10cc to 30cc (extreme 300% increase) for example, particle numbers 8 become 24 (= 3 × 8) in a given space and d = 0.69 d 0 (31% decrease). However, when a SL150
microsphere is replaced with an equivalent volume of SL75 microspheres (only moderate 48% decrease in mean size), particle numbers 8 become approximately 74 and d = 0.48 d 0 (52% decrease). Therefore the IBVMS effect on the inter-particle distance appears not significant as seen in Figure 6 compared to the microsphere size effect (SL75 and SL150) which can be seen in Figure 6 (a) and (b). Further, a follow-up experiment was conducted to see the effect of water volume in the mixture (using a starch volume fraction of 0.4 and a water volume range of 90 -400cc in the same measuring cylinder) given that the more water volume the longer inter-particle distances. However, no noticeable effect was found on the scales in Figure 5 . The water volume effect seems be offset by the effect of particle travelling distance -the longer the travelling distances the higher the chance of collision between starch particles and, hence, the higher chance for forming agglomerations. Starch particle volume fractions (= starch particle volume / TPV) in the top phase (SVFTP) for a constant IBVMS of 30cc were estimated using manufactured foams (see Appendix for formula used) and showed in Figure 10 . In general, the SVFTP tends to be high for small microspheres, indicating small microspheres carry more starch particles perhaps due to small inter-particle distances as discussed above. to the presence of starch particles between microspheres. It is also found that high starch particle content (= low water/starch ratio) in a given water volume tends to be high in shrinkage. The similar reasoning would be applied to this case because the more starch particles between microspheres the higher relative inter-microsphere distance.
Other characteristics of manufactured foams such as volume fractions of voids, volume ratios of foam/bulk microspheres, and densities are listed in Table 4 . 
Conclusions
Post-mold processing for manufacturing syntactic foams using starch as binder has been studied and the following conclusions are drawn:
• A transition in carrying starch particles by microspheres during phase separation has been found and explained using a calculated relative density value of 1 for an agglomeration consisting of multiple starch particles and one microsphere.
• It has been found for a microsphere to attract starch particles that (a) hollow microsphere size effect is relatively high, (b) initial bulk volume of hollow microspheres (IBVMS) effect is not relatively significant, and (c) water volume effect for a given diameter of cylindrical mixing container is not noticeable.
• A Simple Cubic cell model for the starch-microsphere inter-distance has been adopted to quantitatively explain various effects on starch content in agglomeration such as hollow microsphere size, IBVMS, and water volume.
• It has been found for manufactured syntactic foams that (a) volume fraction of starch in foam is of linear relation with starch content before mixing for a given experimental data range and (b) shrinkage is relatively high for small hollow microspheres and high starch content. 
